Abstract. Finite element modeling of Charpy impact test was performed for a normalized carbon steel specimen based on plane strain geometry and bilinear isotropic hardening plasticity. As the suggested approach takes into account all aspects of nonlinearity such as geometric, material and contact nonlinearities, it may describe the conventional destructive impact test accurately with much less effort and cost. A failure criterion is assumed to be at 10 % of plastic strain based on the tensile experiment data. Impact energy was estimated at different testing temperatures. It was found that impact energy required for fracture of the selected steel specimen at room temperature (i.e. 25 °C ) is to be 65.9 Joul. According to simulation results, it is found that the ductile to brittle transition temperature (DBTT) equals 0 °C . In order to validate the numerical model, a comparison study was established by comparing the numerical results with the corresponding experimental tests at the same conditions, which shows good match with maximum deviation of 5 % for all computer runs.
Introduction
The failure of engineering materials is an undesirable event for several reasons; that include safety of human lives and economic losses. Therefore Impact testing techniques were established so as to ascertain the fracture characteristics of materials.
Steel alloys behave in a ductile manner at high temperatures and become brittle at low temperatures. The fracture mechanism changes from ductile to brittle over a narrow range of temperatures with a measurable drop in absorbed energy. This behavior is called ductile-to-brittle transition and the temperature at which this transition takes place is called the Ductile to Brittle Transition Temperature (DBTT). The determination of DBTT is very important for steels used in welded structures (which inevitably contain numerous fabrication crack like defects) such as ships, bridges, pressure vessels, oil rigs, and gas pipelines used under low operating temperatures.
Charpy impact test involves measuring the energy consumed in breaking a notched specimen simply supported at both ends when it is hammered by a swinging pendulum. The presence of a notch simulates the pre-existing cracks found in large structures and increase the probability of brittle fracture.
Charpy impact testing is a low-cost and reliable test method, which is commonly required by the construction codes for fracture of critical structures such as bridges and pressure vessels. It took from about 1900 to 1964, for impact test technology and procedures to reach the levels of accuracy and reproducibility so that they could be broadly applied, started from Charpy tests in 1905 up to the issue of the revised Standard of ASTM E-23 in 1964. Recently, Computer simulation method has been developed in order to simulate fracture phenomena that can be considered during impact test.
Belytschko and Bartel [1] , is considered one of the earliest work in developing nonlinear transient analysis for large scale deformation using finite element analysis. Full three dimensional analyses of the failure modes in Charpy impact test was carried out by Mathur et al. [2] in order to investigate the influence of the fact that the specimen width is not very large compared with the dimensions of the notch region undergoing large plastic straining. It was found that there are some three-dimensional effects in that material failure grows more rapidly at the center of the specimen than near the free surface end of the notch, but in fact, the force against time dependence predicted by the plane strain computations produced a reasonably good approximation of the corresponding three-dimensional results.
Tvergaard and Needleman [3] investigated the ductile-brittle transition for a weld by numerical analyses of Charpy impact specimens. The material response was characterized by an elastic-viscoplastic constitutive relation for a porous plastic solid, with adiabatic heating due to plastic dissipation. The predicted work to fracture showed a strong sensitivity to the location of the notch relative to the weld, with the most brittle behavior for a notch close to the narrow heat affected zone. The analyses illustrated the strong dependence of the transition temperature on stress triaxiality.
Lorriot [4] proposed an experimental method based on the specimen displacement measurement with a commercially available laser sensor in order to determine the actual specimen loading in instrumented impact test. The prediction resulting from this approach was compared with results deduced from dynamic analysis of impact tests with mass-spring model.
Altenhof et al. [5] focused on their research on the development of a material model for the AM50A magnesium alloy, which is frequently used in the automotive industry. Computer model was developed and validated through experimental setup and numerical simulation of standardized Charpy and tensile tests. The material model was further used to predict the behavior of an AM50A magnesium alloy steering wheel armature by performing experimental and numerical impact tests.
Chao et al. [6] examined the advanced high strength steels (AHSS) that gradually adopted in vehicle structures as lightweight materials in the past years. In this work, results from Charpy VNotch impact tests on dual phase 590 (DP590) steel were presented and tests were conducted at temperatures ranging from 120°C to 90 °C and DBTT was determined. In the present work, a reliable computer model with appropriate assumptions and realistic conditions has been developed to represent Charpy impact test using finite element analysis (i.e. LS-DYNA within ANSYS environment) based on geometry provided in ASTM E-23 [7] . The main objectives are to estimate the impact energy required for fracture numerically and to compare it with experimental tests at same conditions. The main contributions of this work compared to previous literature that the effects of varying temperatures were considered in the FE model and the DBTT was obtained numerically using more simplified computer model that may describe Charpy impact test accurately.
Numerical Approach
Finite element modeling of Charpy impact test has many sources of nonlinearity due to the significant change in geometry that appears as a result of large deflection, material nonlinearity and plasticity results from the nonlinear relationship between stress and strain, in addition to contact nonlinearity type as the specimen in contact from two sides with the anvil and with the hammer at instant of impact. Since all these types of nonlinearities appears in Charpy test model, LS-DYNA software as one application of ANSYS package is selected for simulation purpose. This FE software can resolve those phenomena associated with the large strain rate due to impact force, as well as availability of contact analysis option that automatically creates the contact surfaces.
Finite Element Modeling
Material Selection. Material of the testing specimen is chosen to be normalized steel which exhibits elastic behavior before yield strength point, and if the applied stress exceeds that limit it will go in plastic deformation. The numerical material model used in the nonlinear FE software LS-DYNA to describe stress/strain relationship is bilinear isotropic hardening (a piecewise linear plasticity model), it is used widely in automotive industry to its ease implementation. This material could be viewed as bilinear isotropic material equivalent to steel alloy 4140 with Young's modulus of elasticity 207 GPa, yield strength of 655 MPa, Possions ratio of 0.3 and ultimate tensile strength 1020 MPa at room conditions (25 °C ). Specimen density is assumed to be 7.85g/cm 3 . It is important to recognize that such properties are being changed due to temperature variation during simulation runs and their values should be modified in the software for each case separately.
Geometry. A plane strain model is analyzed based the geometry of the standard Charpy Vnotch specimen provided in ASTM E23 as shown in Fig. 1 . The presence of a notch may simulate the pre-existing cracks found in large structures, noting that concentrated stresses are developed on such sharp corners. Figure 1 . Geometry of the testing specimen (mm) Element Type. Plane 162 (2D, 4 Node element) is used to model specimen since it supports plasticity, large deflection, and also provide large strain capabilities. The PLANE162 element is typically defined by four-nodes. A three-node triangle option is also available, but not recommended because it is often too stiff. There are no real constants for this element. Chosen element is used alone since LS-DYNA does not allow a mixed 2-D and 3-D finite element types. Furthermore, selected elements in the model are restricted to be plane strain.
Loading and Boundary Conditions. Loading is presented by the impact force acting on the top surface of specimen in such a manner that the area of the impact should represent the practical Charpy impact test. Therefore; the line of impact is assumed not to exceed 5 mm. The boundary conditions that simulate the real practice of Charpy impact test could be stated as simple supported beam that is constrained to move in y-direction at both ends, while no motion is admitted in xdirection to avoid any rigid body motion.
Mode of Failure. The mode of failure is considered as important design parameter in establishing accurate numerical procedure, in which the termination time of simulation should be determined. The mode of failure was applied by deleting the finite elements from simulation once they reached the specified effective plastic strain known to cause failure. The failure strain was determined by performing the tensile test experiment. For the adopted model it was approximated to be 10 %. Corresponding simulation time is found to be 0.0002 seconds, extracted from the dynamic analysis of the model. Thus; the failure is defined based on the notch of specimen such that if plastic stain reaches 10%, the simulation is terminated.
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Results and Discussion
Numerical analysis is carried out using the FE model defined in the previous section, initially at temperature of 25°C, in order to predict Von Mises stresses, plastic strain, energy absorption and DBTT. Obtained numerical results are compared with experimental work conducted at different testing temperatures. Von Mises stresses and strains. Deformed shape is shown in Fig. 2 (a) such before failure (i.e., plastic strain equals to 10 %) which shows high deformation near the notch due to stress concentration in addition to significant deformation near the supports as a result of high reactions. At this point, it was found that maximum deflection is 2.791 mm. Deflection is recognized as key parameter to predict the absorbed energy. Fig. 2(b) shows Von Mises stress distribution through the specimen, it is found that maximum stress is about 1170 MPa which is larger than yield stress(i.e. 655 MPa), as well as ultimate tensile strength (i.e.1022 MPa ), this assures the catastrophic failure of specimen. Equivalent plastic strain is plotted on Fig. 2(c) by choosing appropriate substeps which assures the convergence of solution. Simulation was terminated simulation when the plastic strain at the notch reached 10%. In Fig. 2(d) , total Von Mises strains are predicted throughout the impact period. Estimation of Impact Energy. Based on the numerical findings presented in section 4.1, and once the impact force and corresponding displacement have been evaluated, the impact energy required for failure could be predicted by finding the area under the force-displacement curve. Fig.  3 shows the force-displacement curve for FE model with meshing size equal to 1 mm. The area is found 80433 N.mm, which means that the absorbed energy required to cause failure is 80.43 J. In order to check the grid independence criteria, different element sizes have been implemented as shown in Table 1 . It shows that the accuracy of impact energy could be achieved by selecting the suitable number of elements (i.e. meshing size). Based on this analysis, meshing size of 0.25 mm is found to provide accurate solution with less computational effort. Accordingly, the absorbed energy is found to be 66 J at specimen temperature of 25 °C . °C ) in addition to the room temperature and Table 2 was constructed accordingly. Based on Table 2 , it is shown that as the specimen's temperature retains high values, the corresponding impact energy required for fracture increases rapidly due to the fact that the steel is shifted to the ductile zone at Table 3 . Several impact tests were performed at different testing temperatures; the testing specimens were cooled using a special type of chiller which is designed to provide cooling temperatures up to -60 °C . In order to achieve uniform cooling, the testing specimen was kept in the chiller for several hours prior performing the impact experiment. Table 4 shows a comparison between impact energy obtained numerically and those obtained experimentally for the most fine mesh model. It is shown that FE model results agree with the experimental results with small deviation at low temperatures. This assures that implemented properties for the steel in the numerical analysis are reliable and accurate to describe the test specimen. Fig. 4 shows the estimated DBTT for simulated and experimental works which leads to common experimental result that DBTT is 0 °C for the selected steel specimen. 
Conclusions
Finite element modeling of Charpy impact test was performed for normalized carbon steel specimen and validated through experimental Charpy impact test. Chosen assumptions of 2-D plane strain and bilinear isotropic hardening plasticity model for steel showed high accuracy in predicting impact energy required for fracture, also failure criterion at 10 % of the plastic strain was found successful approximation to predict fracture for steel. Refining FE mesh is considered as essential tool to approach grid independent criteria, since the error between experimental and simulated results was reduced significantly with more than 30 % when the fine mesh was used. Impact Energy was estimated from FE model by finding the area under the curve of the applied impact force and transverse displacement. It was found that impact energy required for the fracture of steel specimen at room temperature (i.e. 25 °C ) is 65.9 J and the DBTT was found to be 0
°C
. FE modeling of
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Charpy test using LS-DYNA used in this work is considered powerful tool to predict the impact energy required for fracture as well as DBTT since the maximum deviation between numerical and experimental results for absorbed energy didn't exceed 5 %.
